One of the most significant problems found in non-engineered reinforced concrete structures is poor quality concrete. Due to this problem, these structures are fragile and can lead to brittle failure modes even for small magnitude earthquakes. The statistics of different post-earthquake surveys indicate that the reinforced concrete building stock in developing countries can have a broad range of low strength concrete, which can vary between 4 to 20MPa. The lack of information regarding low strength concrete (4 to 20MPa) mechanical characteristics necessitates a study on low strength concrete and the development of appropriate stress-strain models to realistically simulate the inelastic behaviour of non-engineered structures. This paper presents the methods adopted to produce low strength concrete in the laboratory. The stress-strain results obtained from compression tests on cylindrical concrete specimens are presented and new expressions for the modulus of elasticity, peak strain and failure strain are developed. These expressions are used in the development of a stress-strain model for low strength concrete which can be used for analytical vulnerability assessment of non-engineered reinforced concrete structures.
Introduction
Reinforced Concrete (RC) structures in developing countries suffer from poor quality control and poor construction practices. Different post earthquake reconnaissance reports from developing countries, e.g. Pakistan [1] [2] [3] [4] , revealed the imprudent use of poor materials, bad design and inappropriate construction practices. Hence, structures constructed with such materials and such practices can be considered to be essentially non-engineered [2] . Most of the collapsed RC structures as a result of the Kashmir earthquake had a mean concrete compressive strength ( ' c f ) of around 15MPa [2] . Moreover, results of Schmidt hammer tests on RC buildings with different damage levels in the Khyber Pakhtunkhwa province of Pakistan showed that the ' c f for the collapsed RC buildings varied between 7 and 22 MPa [3] . Similar evidence was also reported in Turkey where testing of concrete cores, taken from 35 RC buildings after the 1995 Dinar earthquake, indicated that the mean ' c f was around 10 MPa [5] . More recently, an assessment of the ' c f of 1178 RC buildings, located around Istanbul, showed that the mean ' c f was around 17 MPa, whilst 16% of the buildings had strength below 8 MPa [6] .
The in-elastic behaviour of Non-Engineered Reinforced Concrete (NERC) buildings has not been studied much in the past and most researchers (e.g. Kyriakides [7] ) assume that the behaviour of Low Strength Concrete (LSC) is similar to that of Normal Strength Concrete (NSC). Given the fact that LSC is not an engineered material, but rather the result of necessity, it is natural to expect it to have a higher variability than normal concrete. Furthermore, due to the brittle failures encountered in NERC buildings, it is also natural to suspect brittle material characteristics from such concrete.
Many stress-strain ( -) relationships can be found in the published literature for unconfined normal and high strength concrete subjected to uni-axial compressive loading [8] [9] [10] [11] [12] [13] [14] [15] [16] , however, the performance of existing stress-strain models using LSC experimental data in the range of 5 to 15 MPa has not been confirmed.
Concrete -relationships are in general developed empirically and aim to satisfy certain boundary conditions, such as the initial stiffness 'E c ' and zero stiffness at peak load. Most researchers define the entire -curve by using a single expression and adopt suitable parameters that control the shape of the ascending and descending branch [12] [13] [14] 16] . Others adopt two separate relationships for each branch [15, 17] . In most existing studies the behaviour of the ascending branch is very well defined as compared to the descending (degrading) branch and conflicting degrading behaviour can be obtained from different models. This necessitates the careful reappraisal of the degrading behaviour of LSC and in particular of the -descending branch.
This paper aims to study the above issues and initially starts by describing the experimental setup and procedure for the tests carried out on a variety of LSC mixes. This is followed by the analysis of the results which are used to develop expressions for maximum compressive strength (f cmax ), elastic modulus (E c ), the peak strain ( cmax ) and ultimate strain ( cult ). Since, various -formulations in the literature fulfil satisfactorily the mathematical requirements of the basic boundary conditions, the foucs of the current study is to investigate their suitability for LSC. The best model is selected and by using the newly developed expressions a simple -model is developed for LSC.
Materials and Methods

Preparation of LSC mixes
LSC with various compressive strength ranges was successfully formulated in the laboratories of the University of Sheffield (UoS), U.K. and the University of Engineering and Technology (UET), Taxila, Pakistan [18] . Different mixes were adopted to achieve a broad range of LSC by considering the deficiencies observed in non-engineered construction sites in Pakistan. These deficiencies are generally a result of the use of high water to cement ratio (w/c in the range of 0.75 to 0.8), no or limited curing, low quality aggregates, low cement content and high sand ratios as well as poor compaction. Five different LSC ranges were prepared using different mixes. The main variables were: mix proportion [cement (C), sand (S) and aggregate (A)], w/c ratio, curing, recycled aggregates and air entraining (AE) agent.
Concrete mix details
The ACI mix design method has provisions for producing concrete with strength down to 13.8 MPa by using a W/C ratio of 0.82 [19] , thus these provisions were adopted for the initial concrete mix design. The details of the thirteen different LSC mixes (M 1 -M 13 ) made at the UoS are provided in Table 1 . At UET, specimens were prepared from M 4 mix only. proportion and slightly reduced cement content as compared to M 3 and M 4 , to allow the mix to be more workable. Specimens cast using M 5 were not cured at all, while for M 6 curing was undertaken for 5 days. M 7 and M 8 have the lowest w/c ratio among all mixes and a higher proportion of cement and sand; low strength was achieved for these two mixes through the use of AE agent and no curing.
Since, the C:S:A ratio of 1:2:4 is the most commonly used ratio in NERC sites, mix M 3 is used again in M 9 and M 10 with better curing in M 10 . In addition to the use of normal aggregates in mixes M 1 to M 10 , recycled aggregates were used in mix M 11 and M 12 along with an AE agent. M 13 had the same C:S:A proportions as M 7 , but was cured for 5 days.
Early termination of curing is expected to reduce the target compressive strength at 28 days. If curing is terminated after 3 days, the strength is estimated to be reduced to 75% of the 28 days target strength (which can be achieved by undertaking continuous curing) [19] . AE is generally used to improve the concrete's freezing and thawing resistance; however, using a large percentage of AE agent introduces too much air and reduces strength. Excessive volume of voids through entrapped air or bleeding is a common problem in LSC. There is approximately 5% reduction in concrete strength for every 1% increase in entrained air [19] . In most mixes, the aggregates used comprised 50% of 20mm and 50% of 10mm river aggregates. Recycled demolition aggregates of the same size and proportion were used in two mixes to introduce inferior quality aggregates. In all mixes, Ordinary Portland Cement (OPC) type CEM II/A-L (32.5N) was used which includes 80% of the clinker content (A means higher clinker content up to 94%) and 20% of limestone (L). Its normal early strength (N) at 7 days is ≥ 16MPa and the standard strength at 28 days is 32.5MPa.
Specimen preparation
All mixes were batched and prepared in the laboratory. The mixes were placed in Ø100x 200mm steel cylinders and de-moulded the next day. The curing details are given in Table 1 .
Test setup and instrumentation
For each concrete mix, a minimum of six specimens were tested in compression. The top cylinder surface was ground, and to further reduce the possible effect of confinement that may occur due to the friction between the steel platens and the ends of the specimens, a piece of Teflon sheet was placed between the platens and specimen ends as shown in Fig. 1 . The specimens generally failed by vertical splitting (Fig. 1) . Spring loaded clamp screws were used to mount in parallel (100 mm apart) the rings around the concrete specimen; the LVDTs are placed within the ring (Fig. 2b) , at equal distances at an angle of 120 degrees. Table 2 shows the mean (µ), the standard deviation ( ) and coefficient of variation (C.O.V) of the cylinder compressive strength of all the LSC mixes developed in this study. The full details and results of the experiments are given in Ahmad [21] . Results from four different LSC mixes are given in Fig. 3 . These -curves are the mean curves from the 3 LVDTs and the legend in each figure shows the number of each specimen from a mix. Table 2 Statistical details of the compression testing
Compression
Modulus of Elasticity of LSC
The modulus of elasticity (E c ) was evaluated from the experimental results by using the secant modulus (E sec ) in accordance with Eurocode-2 [10] . The E sec value is largely dependent on the selection of the stress value and can include nonlinearity. Here, E sec is evaluated by taking the slope between the origin and a stress, f 1 , equal to 40% of the maximum concrete strength (f cmax ).
E peak is also calculated by using f cmax and the corresponding strain cmax . The ratio of E sec to E peak is used in some -models as a material parameter which controls the degradation rate of the curve, in particular for the descending branch. Table A .1 of Appendix A shows the E chord , E sec , E peak data for each specimen from the mixes tested at UoS. The statistical distribution of these data, including the µ, and COV for each mix is also given in 
The linear best fit for the combined set is shown in Fig. 4 . Combining the data improves the correlation coefficient. The linear Eq. (3) For nonlinear regression analysis, the power function in Eq. (4) was used, where the values of parameters and need to be determined.
The nonlinear curve derived using nonlinear regression analysis involves an iterative process using the least square method. The nonlinear fit is shown in Eq. (5) is compared in Fig 6 with the predictions of other popular equations shown in Table 3 . by ACI318 [26] , Eurocode-2 [10] , TS:500 [27] , IS:456:2000 [28], and Mander et al [13] . Eq. (5) is adopted here for evaluating the value of E c for LSC. The uncertainty factor of ±3110 MPa corresponding to ±1 has been determined for Eq. (5) considering a normal probability density function for model prediction errors. This factor is an additional model uncertainty factor (besides the commonly used f cmax uncertainty) and can be used in probabilistic analytical assessments. The peak strain cmax values corresponding to f cmax for each specimen from different mixes are given in Table A .2 along with the statistical characteristics for each mix. The data were fitted with linear and nonlinear curves to find the most suitable relationship between cmax and f cmax . Besides the UoS data, data from experimental work undertaken in Pakistan at UET [18] are also included in the analysis. The linear fit on the UoS data scatter is shown in Fig. 7 The linear fit of Eq. (6) is also compared with existing linear peak strain relations by Carreira and
Chu [8] and Ros [29] , as shown in Fig. 7 . The relation by Carreira and Chu [8] predicts higher strains in the LSC region and achieves the code based cmax value at higher f cmax , whereas the relation by Ros [29] under-predicts the strains at all the concrete strength ranges and also attains the code based cmax at relatively higher f cmax values.
To find the best nonlinear fit for the data, the Popovics [30] function given in Eq. (7) was adopted and the nonlinear fit along with the 95% upper and lower prediction intervals are plotted in Fig. 8 by using Eq. (8) . The nonlinear expression obtained is given by Eq. (8) .
A comparison between nonlinear cmax relations by Popovics [30] , Saenz [31] and Eq. (8) is made in Fig. 9 . However, the R 2 value for the linear fit is better than the nonlinear fit, hence the proposed linear cmax relationship will be used for defining the -behaviour of LSC. An uncertainty factor of ±0.00021 corresponding to ±1 was evaluated for the linear model in Eq. (6) which can be used to evaluate maximum and minimum values.
Ultimate strain ( c,ult )
The value of c,ult is generally taken as c85 which is the strain corresponding to f c85 (stress at 85% of the f cmax ). The f cmax versus c85 results along with the linear fit of Eq. (9) are shown in Fig. 10 . MPa can achieve higher failure strains. However, for concrete strengths 15 to 25 MPa, c85 falls below the code values. Nonetheless, it should be noted that there is a lack of data for that particular strength range in the current study to arrive at any firm conclusions and change the current practice.
To evaluate the value of c,ult and value of stress at failure, it is important to know when the mean stress curve, intersects the experimental -curve as shown in Fig. 11 . Beyond this strain an RC flexural element designed to code provision will not be able to carry further load and fail. The mean stress factor was calculated at each increment with respect to stress (f ci and strain ci using Eq. (10) which is then used for calculating the mean stress (f cmean ) at each step using Eq. (11).
When f cmean curve intersects the experimental -curve, that value of f cmean,i and the corresponding strain are noted. These correspond to the ultimate stress f c,ult and ultimate strain c,ult . For LSC the intersection of these two curves generally occurred beyond f c85 . An example of evaluating f c,ult and c,ult using this process is shown in Fig. 11 .
Fig. 11
Comparison between the experimental and the mean stress-strain curve
The statistics of f c,ult and corresponding strain c,ult are given in Table A. 2. The c,ult versus f cmax and c,ult versus f c,ult scatter points for all the specimens along with the linear fit of Eq. (12) and Eq. (13) are shown in Fig. 12 and 13 , respectively. 
The c,ult point on the degrading branch is often called an "inflection" point. This point is used in many concrete -models for controlling the degrading branch gradient. Not many relationships can be found in the literature to evaluate the inflection point because of the complex degrading behaviour of the descending branch.
Wee et al. [32] proposed Eq. (14) for finding the inflection point. 
The predictions of the Eq. (14) and (15) are compared with the c,ult scatter and are shown in Fig. 14 . The predictions by these two models are un-conservative, hence, the linear fit expression of Eq. (12) will be used in the current study. An uncertainty factor of ±0.000692 corresponding to ±1 will be used.
The values of = f c,ult /f cmax obtained from the analysis (Fig. 11 ) of individual specimen -data are plotted in Fig. 15 . The mean value of is calculated to be 0.80 (this is usually taken as 0.85 by various codes). The lower value of is due to the lower f c,ult value as compare to the f c85 (Fig. 11) for most of the tested specimens. This indicates a lower compressive stress at failure for LSC structural elements. Since, various mathematical formulations in the literature fulfil satisfactorily the requirements of the boundary conditions, the general trend is to use these existing -formulations to achieve the best fit with the experimental data. Hence, it is important to choose a formulation which is compact (single equation), satisfies all the essential boundary conditions and correlates well with the LSCexperimental data especially the degrading branch. For this purpose, a variety of -formulations for unconfined concrete are examined.
Assessment of existing -relations
Using the newly developed LSC expressions for E c (Eq. (5)), cmax (Eq. (6)) and c,ult (Eq. (12) The different -relations examined are described in the following sub-sections.
Popovic (1973) and Mander (1988)
Popovic [14] proposed a model for unconfined concrete as given by Eq.(16) This model predicts the LSC degrading behaviour better than Eurcode2 (2004) and CEB-FIP model code 90 models (Fig. 16 a and b) and the material parameter 'n' evaluated from Eq. (17) is capable of controlling the descending branch to a certain level.
Since, the performance of the Popovics model is better for LSC as compared to the other examined models, models based on Popovics formulations require further investigation.
The following Eq.(18) describes the Mander model [13] for concrete and adopts the expression similar to [14] but instead of the 'n' factor, it uses 'r' which increases with stiffness degradation.
Where;
E sec = secant modulus of concrete corresponding to f' c ' c = peak strain of unconfined concrete
The model by Carreira and Chu [8] (shown in Fig. 16 a and b ) also results in exactly the same behaviour as the model by Mander et al [13] .
Eurocode-2(2004) and CEB-FIP MC90
Since Eurocode-2 [10] considers a constant strain value for c1 , the degrading branch starts after this strain is achieved. In the case of LSC, especially in the range of 5 to 15 MPa the maximum strains vary from 0.001 to 0.0017 (Fig. 7) which means the degrading branch starts earlier and descents to zero at a lower strain (see Fig. 16a and b) . Hence, the earlier descent of the Eurocode-2 model in the degrading branch makes it unsuitable for use in this study. It should be noted that this model showed better agreement with the experimental results for the concrete strength range between 25 and 30
MPa. Similar to Eurocode-2, in the CEB-FIP model code 90 [9] relationship, the peak strain is constant and the degradation branch is steep, hence, it is also unsuitable for LSC.
Kumar (2004) and Sima et al (2007)
The sophisticated mathematical formulation by Kumar [12] can be used for a wide range of concrete strengths and does not require any modification factors. According to this model, there is no fixed location for failure on the degrading branch and failure may be defined by the general point, a point close to the inflection point, the residual point or any point in between. When calibrated, this model gives a good fit especially of the degrading curve of LSC in the strength range between 5 to 15 MPa (see Fig. 16 ).
The -formulation by Sima et al [15] which involves different equations for three different branches is also examined. In this model an exponential function is used after the elastic limit to model damage. As compared to the Kumar model, an extra boundary condition is included for the elastic limit of the concrete and an inflection point is also required. This model gives very close results to Kumar model predictions.
Conclusion on formulations
From the comparison of all the models, shown in Fig. 16 a and b , it can be concluded that the formulations by Kumar and Sima predict the -behaviour of LSC better than other models. These formulations are particularly good in the strength range of 10 to 15 MPa. With increasing in strength, these models also give reasonable results, however, the code models, like Eurocode-2, become more suitable for concrete strength above 25MPa and NSC.
Although Kumar and Sima formulations give good results, the equations are complex and are unlikely to be adopted for general use. Since the main concern in deriving a good model is the degrading behaviour, a comparative analysis is carried out between the simple and well known model of Mander et al [13] and the more sophisticated model of Kumar by considering f c,ult as the key parameter. The analysis details are given in the following section. Mander [12] Modified Mander [19] Kumar [11] SIMA [14] Experiment [19] a b Mander [12] Modified Mander [19] Kumar [11] SIMA [14] Experiment [19] d c
For the strength range 10 and 15 MPa (Fig. 20b) The ultimate strain c,ult is determined when the mean stress-strain curve intersects the experimental stress-strain curve. For the LSC specimens having f cmax between 5 and 15 MPa, c,ult is above 0.004.
However, the c,ult value for the specimens with concrete strength 15 to 25 MPa falls below 0.003.
The mean value of (mean stress factor) which is usually taken as 0.85 by different codes is calculated to be 0.80 for LSC. c,ult is found to be 13.1% higher than c85.
The -models by Kumar [12] and Sima et al. [15] predict the -behaviour of LSC better than other models particularly for concrete strength between 5 and 15 MPa by using the new LSC modulus of elasticity and strain models. However, these models result in lengthy equations and are too complex for general use. Due to this reason, the Mander model was calibrated through a modification factor and is adopted due to its simplicity (Modified Mander Model for LSC). The derived LSC -model is particularly efficient at predicting concrete degrading behaviour between 5 and 10 MPa, however, between 15 and 20 MPa, the result of this model gets closer to the original Mander model. The LSC -model can be used in design or for the analytical vulnerability assessment of low strength RC structures.
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